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~ b.~t r~tct.

$CALD, ~ ~i’xphic~--L’,s~ed hiei’~n’cl’ilcal digital ~o~tc clesi~n
dVsClibrd and ~11 e~niplr of Ill tl~e IS ~iven. SCALD pl’uvidel
’ ’ ’ ’ ) : "illm’i "::’.~: :. :, ’.. ? " :’’ "’,,’ ........ " ........... ;i[~;~ L.I...~ ,I ,,i~,JI I~’~’~l
ciescl’ip~ioi~ o[ a digital system, alld pl’odtlces otitlJut for COnlpLitel’-
aided mnlm~aclure o~ the ~ystrm. $~AI.D hxG been u~ed 1il the
design of an operational, I~-MJP$, ~0O-chlp ~GL-10K processor.

$@~D (gt’L~ctmed ~omlmter..~ide~ Lo[ic Design) is 
bs~ecl de~i~l~ system ~hich allows di[it~l systems to ~e designed
hleratchicnl ~a) c,. ~C.,ALDs mait~ ~oal is to reduce thc
n~ Lime required to design I~rge digital systems, by ~1lowillg the
desi~3~er to express his de~i[~ ols the same level th~t he thinks xhoLR
It, fl’eelng him frnn) tire task o[ actually drawin~ out all o~ the Io~lc
snd cl’eatin~ ~ wire list. De~l~Dis expressed In this hi[h-level
I]Ot~tion brcome much more ~indel’s[al~d~ble, both ~or designers
~l~d tot i~tntenance ~n~: ~ee’s

~L1)’s ~econd Im[~oriant ~oal Is to s~1ow desi~n~ ?o be recompIl~d
rapidly ~hen new cirodts become available, allowing
relse~Ledly ta~e ma~lmp.I advantage of the expof~cit~ial
adv3nce curlen~ly ~halacle~’i7ln~ the semicondoctor indLIMiT. This
goal ix achieved by exl)r~ssin g a design in telms ~ hl[~h-lcve~
modtdes, ~hich in tile [Ut~lie inay be hni~lemented as S~l~le )~s. In
practice, considerable wor~ may still be rcq~ited to updste a design
to Jl]corporate rock, ilL tcclanol..)~ ;tdvances, bLiI tl)e r(~ltlircd er~oi-t 
li~ely to be much I~ss than It the design wul.’ n~t e~pre~ed
hierarctdc~lly.

8~ [.~] has Lw~.t~ ~lbecl to design a vdry hit h-p~l~oa’ma, ce prc~c-~sor,
the S-I, shown h~ Fi~urc I-I, which is a I~ I, llgS, 5:~O0-cldp
EC].-I~ m~chinc. This desiR~ experwnce ha~ bccn very
faVOl’able; the enLi:e pl’OCCssor ~as ¢lesii~ccl And Impleni~nLed with
two (~an-yeat’5 o[ e~[urt.

’T’o provide a vehicle For the pl’eX~n~pliol~ o~S~I..D, Ihe desi[~l~
~r a very 5Jn)i)l~ proo~s~nr ha5 beel~ c~fried thioLl~h tile
System. "]’he top levcl ~[ this design i~ ~epreso~t~d in
I-2 snd Fl~[ire I-~; The proc~ssoi consists of ~. re~h~er
file of 3G-bits by It] wor~, a .[-inpttL, ~G-.bit nmltip~xer, a ~G-bit

;v-..~lt accnmttl~tor. "[’liepritllmeLic-lo~ic [till{{i~l~ geller~tor, alRI ~. ~" ~

microb~quencer ~hown Jl) ];J~Ule I-.~ conLrcds ~he sii~l)le
I)lOCeSs~r; It cc,t~isL5 of at) ~ .bit counter and a COl~Li~l .~Lc.re o~ ~ blt~
by 2~6 words.

~CAL.D takes as i~put ~ high-level d~caiption of ~ dl~iL2J 5~.~t~m,
~1)~ ~l’¢Jc~tlce~ otllptll fnl" 1~1~ COlll[)[i~dl"--~[¢~;~. ~pH~;ici[tre o[ the
s~te~n Olt wire wrap boards. ]:i~tise ~-I shLr~s the IIHc~ n)~ill
modules In ~C~I.D. If~put to th~ s~t~,il Is tltlou~b ~l~e
LJIdvcrsity fllaWl:~: 8)’stern (~U[J5) Graphics I.:dlh~r
[Helliwdl H.’I~}, which ~l!ows (Ir~’#i~lgs In he emoted direcli~

All p~l’t~ ~ 6CA LD ~xcep~ Ih~ ~1)~ Cirapbic~ I~dilor ~re
PASCAl,, ~a~d ~e ~l~erefo~e hiljhl)" Ir~i~l’Oilab~e. Th~ M~cro
~.~l~a~der (M) ren~s lhe ~mlmt o~ 6UD~, ~1o~ whh fl~e hand-

SCAI2): ~tr~cturcd Comp~t.er-Ai~[cd .Logic Design*

Thomas M. McWfi[~ms ~nd L~wrenre C. WMdocs,

Compt~er Scle~c~ Del)artmel;t

ni~d
I,~,rel~ce Livermore

[l{ilvel’slt~ of Culi~orniR

g~neraicd I~)ou[ Sl)ccl[icaLi~lt, e%l)~ncls (he drawings 
list, and genel’stes ~ I]umb~r of liMhl~s to aid [he de~igtv.r. The Wire
l..iMer (W) inputs the COllllCCtioli list a d~ip de~irli/iOll fi~, alld ~ln old
b~ar(I ~ale, a~(I iJroduc~s wr~plm~wr,~p li sl, a run li st, ci er.:ribh~
each rl~lI (clectricall)’ con,~ected i~e() i~ dct~dl, ~ n~w board
ii~lnll.~er o~ Stllllltlalies ~l~d sI~ltlStics. C~l~an~(’~ can

Ihe enlire SCALD Sy~!c’m a~i~l; Ihe Wire Lister Ihen reads
board state, which H’~e~ifies how the systcm w~s cnnstrucled before lhe
change, and ou(pots a neu board st~.~e’.~l~d a wraplnnwrap list the
exec~lllon o~ which hi,claret the sy~cin ~o correspOll~ Io the new
drawings.

"Work performed under the auspices of
U.S, Dcl)artnlvnt of I.~norgy by the Lawrc]tco
Livcm~orc Laboratory undcr contract number
W-7405-ENG-48."
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Figure I-2
Simple Processor Macro
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Figure 2- [
~¢lain Modules in SCALD

The hierarchical logic diagrams are chic’red into the SCAt,I) ~ystem
using Ihe ~taiff¢,rd University I)rawm~ ~ystcm (SUDS) Gr
Editul. Examples o( logic dia~pam~ drawn witt~ SUDS are ~ht WU il)
Fi’,’Ip~. I. q ~td I,~..,,,.+ I-~ "l’l,+ +’I ’~P ......... :- - -. ; .... ".

t:J al,h;cs t.ditor, w] Itlr’ll in asmnbly laugtJa~e,wllid+ runs On a
I0 cquiplJt.d with a Jcfresh¢d g~al+hic~ telminal. The l)roB~an)
controllrcl wilh ):eyl)oard commat~ds, and the cursor Is con~rollecl
ei¢l~cr by ~ lJghl pen, or b)’ the keyboard.

3"hc first ~te[) in usin~ the SCALD Dc..~ign S~tem is to ornate
IJbtal’y of common body de~lnllJons, such ~ (hose sl~uwn lu Figure
~..). The, user has complr:te coutrol uwr the appearance
budy. Once a hl.,ra~)’ o~ bodies IS ere;deal, drawings can use
bodies. A brady is posiUun~d in ~ chewing by givin~ comn~ncls at
Ih~ k~,yboard width ifl~ce it al (h~ h)::~tio~i ~peciflecl by tl~e cmsor.
A flr.r bcMh:s have bell1 [11~]~ po~J[J~lled, CUIl~lnalids ~re [~JVell which

comltcl Ih(" bodies with lil~e~, ~ud pl~ce (e~t on (l~e lines, 
the u~(.r hns complete Cnl~lrol o~ thP posJtJonJn~ a~cl ilffelconnection
o~ bodw~ in a drawing. ~UDS alluws bu~aLf~rou~A lines, II,at
hnes which collned to a body ~nd U~en i~s~ invisibly under the I.,udy
(l~(,lizumally or veriical~y) to exit o1~ anolher ~icle, ~nd ~hls capabihty
wns found Io be exlremel~ useful in d~crcasinE the cluHer
drawint;s. ~LJDS Jlldudcs really comm~llds wluch ~)low boches and
hr=es ¢o bc easily movcd, and has a macro ~acdity which allows
repetitive suucturcs Io be drawn very quickly. H~rd cop),
drawlnEs is ~vailable fl’om ei(I)er Xerox Graphic Pr inter or
plotter.

Don~h~ant remurce fitiliz~tion b). the SUDS Graphics ~ditor during
the c]¢si/~n of (he S-.I amounlcd to S0 hours o~ KL-10 compute time,
and 1000 hour~ o~ ~raphics-termin~l lime spread ov¢r ~ p~rlud
Ol~e ~eal’.

The SUbS Ch~plfics Editm outpnts the, drawill~s r~pre~ent~d in

th, ¯ ld~cro I.:~:l~auder. it would be i)ossil.dc to use ~[ (lJ~el’ent
Gr,~i,lucs Lditor to supply input to Ihe ~CA].I) Design ~y~tem
~uoLher prui~r~m were wrl(ten Io tr~nshte the drawings hlto rl~e tcx~
~acro Lmff~uaEe.

A (k~iEn in SCAI.D consists of a set of macro deflrlJtJOltS (l’l’l~Cl’OS),
whid~ a~e expanded, starting horn ~ dis~guished lop-level ~nacro
~lld CnlllJlllljll~ dowiIw~rd unlil no macro IcmaJns which has a
detinill,m lie., all remaining: macros are ~vadable devices), ~o ~:cnel’alc
a wi~e IJq a~ld all tl~e nec~,ssary as~OCl:~lcd documentation tot
r~xrcm L, elug desiglled (Ihe ~l~ttt ~1l~(~J~lr). "l’ht’~e macro dr~jlll(inll~
are enh, rcd dilectly inlo ff~e SCALD data bare using the 5UD~
(Jl’aphics Editor.

Mncro calls WJllli/1 ~ InacPo dt, fJnJlJOll are represcutcd by
I.~t~dies frnm Ihe [~ody Llbl,u~, and may be passed va, lutt~
parametcl’s, th~ values ut which differ from call to c~ll. Cnr~nectious
bpD¢CVl+ bOdle~ ale Inade wi;h hne.;, ~,hldl r+prP~enl sigllal
~lld I~1~ be i~mmed; idcnticmlly iI~nled signals rare Iml~llcltl ~ conncclo~.
Bign~l vrdurs may be passed ~s i)nr+mP:rlS l~ m,lcro3; II~e
ilalne of ~ ~lp.rl~l.-Vrrl(~l palalnPIPI I~a~se(I I~n maCln I~ shOWll C, ll the
nlaqu bn(ly where the acula~ signal vPdor COlmeClS to lhe
body.

A I’ilaCl’O can be called Olle or more |irli~s fl’ortl oilier I1)~C1"(I.% bLIt
cannot be called icc.tir~ivel)’, SilIC+ SCALD allows no
exl)al~ion. The abfltt)’ to define once a function which i+ u~cd
times greatly leduce~ the overall dc~i~n Lime ~of ~ I~rf’.~ object
machit~e; It ieduo,s rcclurldancy and thereby [arilftates verifi~afion

The use of macro~ (rathe~ than bodies rel]re~enting available clevir.es)
In Ihe de[inition ~[ ~he tl~a path in an ~,bjcd nmchme results in
great reduction in tht~ number o~ drawings ro~uhc:l ~i~t.i in the
density oF bodies on the drawings. "Jhe object m~chii~e’s
repetitive (contiol) Io[~ic can be then dis(i’ibuted ti~ruughout {he data
path, placing i{ ~.~:~r the logic it conLeols, ti~crcby enhancing the
overall u.ders/andabilit)’ of U~e logic.

On the macro level, SCA LI~ does not distinguish between inpii/s anti
OIItptltS Of clevice~ or If]~CI’OS. It is not Llll{li ,l(lc, l" thai

expanded that the SCAI D System checks tor runs with an illegal
IIunlb~r Of hlptltS or Ollr~Ju[s. III gellelal, each rim I~tl~[ h3vc

one output, tlnlPss i)el’ml+4ion i+ granled In the d~Wil~g+ (b)’ the t}+e
or a Hl#+.Or lJodT) ~or multiple output+.

4,1 $igJlal I:xl)ressi(,;lS

$CA]..I’J allows si[(i+als to ba gl’Ottped to[.:clher {o form a slBn-~l vector,
Iepresented by a sirffile (possibly named) li;~e ill the drawings. For
example, the signal vector named "A<0:IS~" Iepre~:uts 16 signal~.
The general nalaliol~ for the aame ot ~ si~llal vedor is
"NAME<I:J>", wllele NAME Is a string alld I and .] ~l’e inl,:~;Ul’.~;
convenUon, I I~ the high-order bit ntui~ber, while J is the h~w-
order bit nlll~ber. Signal vectors can be concatenaic.d by w}i:ing a
co,on between Iheir i~am{s. A signal vector can be rrp~icalcd
suffixing il~ Ilallle w~lh a~ ~Stelisk and a ilumher; for e~a.m{~?,
expression "A ¢0:P,> ~:3" is equivak.nt Io the expression
"A*O.2):A¢O;~:A<O:~>". Holes Carl be {{enera{ed in ;~ signal vect~r
by use of the sl~ecJal sitmal "Z", a oue-bit si~;.al whidl Is I~ever
connected in Ihe hardware; in tl~e EC1.-10K logic family used in the
desi~9} of the S-I processor, an open input is a Io~ic zero.

Figure ]-2 contains an example of a complex siguat
"~X’]" OU’r<9:35> : C OUT IM ~3 : Z,~" ~epr~scnts a ~6-I.d[ vecior,
where Ihe high.-order ~’1 b~ts are "EXT OUT<9:35~", the next 3 bits
are Ihc local si~p~al (s~e Sedion ~.~) "C OUT", and [l~e k~W-Older
6 bits are not councclcd.

SCAI.D al~.o und~rs*ands primilive mtrg~’r I,oditx. Fi{,.ure I-.~
colltail)S a two-mel~:er ~nd a thlee..n~el~.er, ~’luch
respecUvely, two ~i~nal vedors and lh~ea signal vectors,
larger vectors. "]’he Iwo-.~ne;ger Is connect~.tl ~o U~e "1" input o~ IhP "l.-
inj)ut muhi[~lcxcr, and Ihe Ihr~e-nlerger i~ cnlm~cled Io the "M",
alld "C[" il~pUts of Ih¢ "3G I~IT ALU 10181". Mergers ale
wh~l’e collc41enaliOl~ is n~ecled, but [~cservaliOll u~ the (’x[dJcil
COl~nectivJ()’ ~f Ihe tlrawhl~ is ciesired.

4,2 Si[:,al Types

Si~n,~ls In a maci’o cl(ftqiliull carl be o,~ lhl’ee lypc.s: pararna:(r+i’.%
locals, and globals. ̄  Subj,’ct tO limitaLion.~ (,f srO;)e, sJ~i~al~ of Lhe
S~IllP liAItle i11 arty ;~le Inq>licitl~ cr+111+~,d~:d Li!iutl~lloilt all macro
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Figure 3-I
lJ.od y Library

A {’rlllCiO (I{.fildlion must always (Icclare in a I’ARAMETEI~
dedai~tion all of the ~ignal parameters thac will he i)assccl to
shown in ]Jguro {-~. The paramC.lcr sig*~als d(.,:lared mus~ be the
same ;,s lhose shown in the bed)’ aI U~e call ~He; li~y are checked
COilS{S}CllC)’. Where a i)ararneter siena{ Js us~-d, its name can
Ol)liunally have the Sll’ll~g i,ip,, following it at each use, allowin~
Ihe i]lac{o exl)ai~de{" to check for con~istt’llC~, and impl’ovji~
reaciabi{ity. The scope of a parameter si(;na{ is {l~c enc{osing macro
deflnlHoll.

A sig~,a{ ,amp followecl by "IM" is ;, local sic.al; the scope or a local
s{gna{ Is the enclosing macro clef{aCtion.

G{ob;d ~ig,,a{s are lhose whkh {l~vc no "IM" or "IP" suffix, and
whidl ale ,oI con~ai{~ed in a PAI~AMI.I’rEI~ declaration. This
syn~:,x for Sl)edfying U~e l)’pe or gk, ba{ sigl,a{s ~v~s found through
expelimen~arlon ~o be supe~’ior t,, d~e merited or dcclarin{g all global
~igrlaB, as all variables are dcdarecl in AL GeL, fhst because ~il:~,~l

illfleqll¢ll~l)’, I{lUS bolh Ihe al)solule aRd iel;dive overhead revolved
{n mai.laillin¢ Ihe ~{obal d~clata{ion~ was fO~li]d Io be
Unrle{I;irrd {:iobal s~gn;d~ IlavP tlnlinlil~d scrape. The ~rOl)e of ~l.’,l..~l
Ai~llals Call I.,e hniil~d Io ~ sUbllee ill Ihe d~Hamic c311 ~lrLl(ftll’e

(h,ciaril~{~ Ihanl at the rool o[ lhe d~JlO{l s~{I,Ilc~. ~1~ }:i~ul’e I.-~. Ih~
si~:nal "oLYrl)UT SIGN" i~ dcd.1lOd, al~,l Ih~lefore i[{ scop~
Iimilcd I,, il~ {u~t~i.i.3 n~(,o ~nd Io all hl&Cl’os bclo~
riyal;unit (all ~llUClUl’e.

In ~;CALI:). III,;i’¢’ IS a difi’erence Iselweell a Io~.,,ical ~v,d a I)hysk;d
signal. A phy.qc~l ~ignal Is ~m~l)lY a ru. in lhe olu.~d [,~achinc. I..ul

always have the same value. Signals in dl’awh’~gs are Iogica’l
s|gnals. For example, the logical signal "RI£G CK I~,LII ’ IM’" in
Figure I-9. {.~ driven by a 10110 g’.at,:, which has thlee {cien!ical
outputs, thus d.ce physical versions, l:.ach ou(put {s a chfferenl
ph)’sical si[:.nal; {o.~ds will be di.~tribulcd amen[; the Ihree o,lputs
when lhc objc¢I machii~e is laid out.

4.4 lligh-l.,w Drivers

In the I’:C;L logic families, many I’unctions have bo!h the true and
complementary ou{l)uts avail;,blc. SCALD allows lhi~ h,ndionaht)’ to
be ft~lly uffli~ccl. In the dcfim~ion of a mulfil)Ic’~er chip, fc;r
it is s~)ccJfied llmL the value{ of U~e ~clecl llnc~ car, be
~{U~oUL affoding il~e function, ff t{~e inputs arc {~crmulcd in
p~rticuhr way. When a multiplexer cifip is l~{d out, it cnn
oL{t irt its ~er,,L,c fc,~rn, and ~C.ALD w{{{ ;mtumaficM{)’ search
Lhcl’~ {s an umt~d r,)n~l~{cmen~ary oufpui on lhr ~;a~,, dtlvh,~; the
select {inc. If ~,,, SC~}.D wt{{ ~umt,~attcaily tmlizo it, permuUn~l
inputs to the m,tltiplexer as specified. In Fi~;u,e l--’.~, for cxampl*,,
"961{ {0{’H" macro G,n bc {~id out wiLh {8 bi~s {.,,’m~. d;ivcn by
true otrtput of the ga’.o on {Is seiccL hne, and the other 18 bffs bein~
dr{yen by the comp{~m~n~axy ouLpuL

"{’hi& mama,:{’ of reprc.~,mti,g high-.low drivers , nr,d ~hnilarly, the
n1:~nl~er Of alk,c~ltllg pih’~lral V~l’SiOllS. helps (o milllmil.,,
of infurmattu, ii, the (liawiitg~ which is nor ~t.la{,.,{ to the
dts~.~}, thus m;d;m[; lh~ lo~lical op~a:mn of lhc ol,.l.’d n};,chii~,,

high ancl whKi~ pa~t{ are chlv,’n low in litr l:.y<:~{f p[,:~sc of

on po~i{ions o[
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4.5 Mal:lu ].)t’(illili+m

’l’b~,re ale’ lwO i~,’v.ic types of l~?~(lO (iP(Initinn~. "Fh,, (i~st (on+i+t~

"i’h,P +e,(,nd Is ~;flled an "XI?’ (X-.[h() 1113[1o, ~+hl(h con+kt+ (ff 
(l~+iedti.t~ ~f a siny.le bit o: bit-slice o~ a bit-wise

A m~+l’O definition ma), have fc~nmal signal pro’amerce+, thlOU~,b
which a~e F):t;+~+d signal- wets+as flom the call ~nte+. All of
~J~,,n+ti I,,H’ameh’r$ of a Inlncro mtlst t)e eXl~hcitl), decla:(d
I>~RAP, II~II’R dedaralion, as mlmv.,n in t’i+cL+re J-8. "T’be+e
5i[’,i+al--veclr~F pal’amuler I)~ln~,~ fnli~t be lhe ~am+ as the +i~il+tl
which al,, wliltun on the macro bud7. The wJdq] oP a
i$ ~ll[~Wll it+ the I)ARAhlI.:’FJ.~R dodar~tmi+, ~nd is pI1(¢~e[t oil each
¢all. All +i6n.ds wtfh the +am,~ i}:m~e w~+hin a Ki~,(n sam¢ +cc,++~, al+d

than [~e+, ~l+~le:ll n~n~e 1~ w~illen on a line, then die sl~nalm
+),~lml~,l+ Ihat i~, all Col+nCdjol+S Io C~¢b SUdl signal will be whPd

Matte definitions ~mn ¢on+i+t uP one nr more Pa~es+ where a multiple-

4,6 Macr. (:all

A macro call ccmsisls of a bed). which has:

A n arbill a~ )’ shape.

]:O]’lna] si~,nal param,+lers for passin~ +i~l+~l vectors to
the Ill;ICI O

~ n~A~l’o I]al))o,

- A label

¯ - A ~ize p,trrmeler.

-- A times i+arameter.

’1"o enh+mct, the unde~stm+dal+iht)’ of the dra~,ings, ditPerem calls
the ~am,, mac~t+ cmn have di[~elt, lR shapes. For example, +t
common lu have two +hapes for a made, coree~ponding to its positive
and nt’galwe Iogi~" ft,~ nls.

The I’mm;fl signal l)arallld~.l~ o[ a macro are dravm around
ecl~es el Ihe macro body+ each consults eP a lext +trial+ and a
fe, r li~es h.+ attach to it. If a paratnc-ter Is an arlive Io’+ +ibnal, Ihen
the bc~cly generally c+mt~in~ :+ diamond at IhP i,oint at wi+ich Lhe
Ih~es COlH~ed, and tile formal parameter ill the de~+nition consists
tile formal I,;,rameter shown in Ihe call, with " L" appended to It, to
Indicaln that it is an aclive Iota’ +~(+nal

The m:,ro nmn+P is a rex+ string, whirh is I+Olmall)’ I+L~ced in ~1;~
n~ddle o~ +, m.+clo +hape; ~t c+m be m,~re than one line Io1~,
~how~+ Ih I’i~;urP I--~ ("SG)+1"1" A[.iJ 1018~"). "l’i~e maqo name+
coHl+ecls Ihe macro call with the al+pl’opriate mad’re de~inilion.

"l"h~, I:dJul J+ +t I~:xt string, abe normall)’ pla<:~.d In the middle o£
mactu ~h:,pe. "l’be lal’,el varies Item call tt~ call for a given mmcro
t,od~’; the I:+1.,~1 associal~d ~ilh each macro call must be unique +vitbin
the e ~( (~mp m~cto definition. The labels In [:igure I-~ ape
"r r’, "l~2", "R 3", "A ", "~", "O r’, "G~", and "03".

The, +i~e i+mm+++:ter is IJS+d only for calh on X l~-type m~cro
d(’[iltitp,ns; the’ value o~ this parameLet Is of lhe [oNil "r,~", where "1~"
i+ all i~t+’i.r~ r~l+l+Set~hnp~ Ihe nHmI,Pr o~ bils in [hi~ pa:tictllar
call. SI~,,¢+ ~1 syId++x i~ the XB-t)’pP +n;~+ro de[mili~m allows ~C+ALD
I~ el’Pate +i~..m~l r~a~nes which bare bit iltm+be~ inch~dcd in them.

"rhe lin.’+ p~lamet~+l has a value o~ the [u~m "no.", xvhel~
r~:ptescnts ~n Inlet+or. If a rnaclO c311 has a times palamqter o[ "n,’",
th~’n [ll~, m.~c~o will I,e aut+m++li+:dty c~llPd n lime~, tt+in~ the
v~lue~ of +11 pmrnm+,ters durra+ each call, ma~ilip~, e.~ch h+bc.I unioue
(by su~fl~iu{:). :rod m;~kmg all ver+i,n d,’si~nation~ w~thm th,+
mac~o u~firlu, (aho b~ +~ff~ixmi:). l"hiJ fac~l~)’ is used for callin~
+tllldlOllS which flRISt have la~6e [anout without ob~Cllllll~ the
nt the call slim

4.? "l~erntJnM Cc+n|I)Ollent

A termi~al conll.~.:Jner~t call consists of a bed), which

An ~ubitrary ~hape.

Pin name~ Pot (onnoctin~ signals.

~ [Ol~lpOll(’ll[ rl+im~.

A label.

A terminal (on~pon~i)t corresponds ~o eid~er ~11 m par[ [ff a civil). 
can bare di(lerent ~hapes ~d dJ~elc.m tail ~ilrs (o enh;e~(e its
unde~~tandabih(y.

8ig~ml~ connect [o a (~rmin~l c()n~ponen( c, nl)’ m p!n% 
names ~h~cb rn~ be dill(rent from ~he adu3l pin m~mbc:rs on an ~C.

The componen~ name ~l~ccifies the drip

The label i~ u~ed [o i(lenlify Ihe component in H~e macro de~iniHon,
and mt~s~ b(, uni,lUe ~r,~c,n[~ maclo hd~els and tezmi~)~l componeu[
labels wiHfin ~ macro definition.

¯ "1.8 Macro Exp.~nsion

all of the ph++ (11 tct~:dtlal cornl’,cm+:rlts tu which u,u:h sip.+~:d cohil+.’.¢ts.

form "PA TI ] .~A M E :~]G~A L NAM

~IGNA L. HAM~ is the name u~ed in the m~:ClO ~:finiLion to refer
Ibe signal, exccp( tidal the nm~e ~,cnera(c.d for Ilapal~’:r:[l::" ~ignak
name (~ Ihe si?,ll~l wiHch was pass¢:d when Hie rn:,ClO w~s call~d.
~wo or mme si~(ll.~l~ :ire s~non)’rn~, Ih~i~ (hp n~m~, (,~ I11~. one ~’hicb
declared I i~ ~c’ in the call s(rucltlte is list.d, and i~ multil~le siCleals
within ~lle ~l~e level are synonyms, [hen [l~e one which crimes [II’M
the ~lphabH i~ used.

~or a signal whid~ i~ glubal IhlClU~hol~ Hic (’nlire
PATH..~AMK is "’FOP". ~of local and ~Ic~Llal s~L~nals which
decl~rc’d lu a inac~’o, PATtI.NAM~ is oea[ed b~’ concaLen~in~,
order, the label in e;~ch macro call (with periods bchvc.e~ them) In
e~pan~ion [~ era (he [op--level nlacro (Io~,n to the macro colltaildng [be
signal of h~(ures[.

4.9 l]oard Lnym~t aJ’~(l Partitioning

During the n’L+qo--C×l’)ansic, r~ t’,loc(’ss, e~Cll [c>mil:~+
~enerated is ~i~.ned a ~,rrni~ml patl~ n~nc, whi’:h i~ p,e~er~tlLd I~y
concatenating, in order, Ihe lahels of all th~ macro (al]~ in the
down the P:.:pan~in~ I~’e~ which p~r.nt, r~trd the le~m~ll~l
(scparatt, d by periods), as weli as the I.~bcl on the tc.~minal comp~nent.
Since each label i~ ~mique within a macro (lefiniticm, all tennin~i path

~(~A].,D hll)ULs a lan[:uage whkb map~ I(’~tnir,~l l+~th n,~m(,s to
boards and I(~ posilioli~ Oil bo:<ndL A (oliliJalli(i;I i);,pel, ’l’~t

(onsli’uei ih~ ~-I pioeP~or (which ~ m~nLi~lly I~d.-olii). 
~~n~i’~l, lb~ m~l,llin~ fiinciion c~n ll~) ~l)eeifi~ll (,iih~’r io~;dl7 rri~nu~llT,
full 7 lulonmliclily, o1’ h7 ~ome coinbhl~lion oP m~illi~l ~nd ~lllomali~

4.10 Text Forl!i of ~|aelo

The olltl)Ul of Ihe ~l.l[l~ ~(lilor il ~ l~x~ £~lin nf Ib~
[.~ll~li~{~, ~’liieh if inptll Io die t,l~c~ J.~,~i)alld,~i", ’l"h,~ i~l

bul omitt iilfOlm,~li,.q~ ~l.:otll position ~n:l ~bal~e. For eacll

ma{ro llama, fn!lo~,’~d b7 I’&RAId J;’l"lJt, DI:C1..A

h~l ~i~ ~li[l~ ~ which ~,iv0$ ~i[h~r Ili~ in~(lO oi’ It’lllll!l,il
~m~, lll~ Io~.1~1 Io~;~lion h~bd, ~r, el lilt’ a~iilal li:,.ii:d: i,:~$~d le, ~,~ci~

Llllrl~tll~d .~i{?l,ikl {:aa’h fliCli II~mC inCllldCl a I~Cl’Crlil ~ii~ll
diff~iPnt fi’oin II~ilnP~ iiiplil b7 Ill~
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SYNflNYII r C):[ OUIPLII<O~,-OUTPUT

,P|li f’tL=P!l.I I’.11,’0=5> ./ll,l’if.; L~5:,.11[ I =i’.r~ I;Rllr L
.~1 |’,~’,11 ~’,1,.’~’= 33) (~’,L Y,T ~IITPUI.’I :’~5,, |~|XT ("IIIPUT,O~3%.) 
2t11#1:61. 1) (L., f: P, UE /rt~lf-L).T CLIII’UT~J = ~.L% T, ~’i’/T}
lOll.l) (:,l,L=;~i’,,L(IL.,(,,") (~=11 Sfl,~l:l,, /ll,~,~fl ’.dL ~.ll!~,O=l~, IM~J?=,~)I
I,’IG 10IIGf.~I,.I.=JB,LOC~flIIICI.,I;IG Ci. [~’.ff" /II,T=C C, UI
Rr.G |rtl/iJ¢~J;.’l[,35|l,lflC.~2|(Cl’-II[.G (|: ~.I;F //|tTI~EXT f’U1PLIT<0:35>~I,.

] ~0! 3’~, 11|)IJOJOi, r,(I .rl(’..Gjl IS:eFt; IIR|I[ 
JSII r(|ll| J~I’=511(LC, C,I~..~,51"~L,.3[,)I(:$ L=,i~l" L.Gl"/2~l.L~’l rjUIPUT<P~3.:.>,ri.

RI’G flOR,0::’~> /PI,T=[’.<O~35> Ill)I
.10174 (51~’1’[=3CII,L0C=~1) (T,=~h~On3S> ill,Ell 

[XT OIJIF’UTcg:35> n C OUI’ /tl t3 I ZtG,3=I:XT
R SEt. BU;.O=t> /11)!

3tlLl:Gr () (L ~Y.2/L =ll =Y37t|~II-~’4Ytl, T=rlLu LTL.O;5>

$)’st,.’rn h as it,(~ p;=.~(’d the dlat;~,~eal)llily oF tln( de:,ii~r,; ~ii,~e #i~3clo~ ,~ 
ii’lh,’tcn;l)’ l~r,l:,le(i, Lhal~L.,es Ill Oil,~ nl;ICl’O d~:[~l)lilO/l lJ~tl;lll~

~ILl~lllr,’ Oll lh’~ dr.~i[[n will facdilal~ n’,adHl~ v~-r~li~tioi~; lh:,L i~,
will SOl~l:r,t simul~tiovi of the S--I at a vari(+tn~ levds nbov~ the

drip

’~VVe wj.’,.11 trl ackitov,,ledl~,,e cluci’,,i 5ui,tJoll fo; ;hi’~ I~,’..c’,’=,.ich v,,|llrh
I;,eell ic-~eJvc.d fr,.:,rn the Ol’{Ke oi" ~’,l;t,/~l I.’,e~,;~ich ~,’i,~. ()N)

UllJVel’.qly ~d’ (;.dH’~,rnia L~wl’cn~e l.ivcrmore l.ab~,,alo~y (wh~.rl, tl;~.
aLItll,’)ls ;~l,: n,,.’¢nL, el’S of the I,=ofr:.,;sion:d staff), I’vom
C"..on’q’,,Jlatic,,I.~ Ch’OUl~ ol" the ~laFH’~d ].me,~r /~¢cr.’ler~tor C,.nle;"
stlpl.~Orlr’(] L,y the’ J[m’r[~.y T~e.~ear.,:.ll and I’)e’,’clnl)n,.nt A.’ln’dilistl:lLil,r~
under [onlyact F:Y-.?6.C.-O.%0515, ~nd h’um Ih,’, Slald’ord ~rlJlwial
lnt¢lh~,,c’ncP l..ahoralory. Wr ah, r, wi.q~ to ~.;ratc[u!l~’ ~LnowledL~e, the
Stil)l}Ol’t O,r OUr [.qs¢lll~te sludtP.~ which h~s br:eu ~;,;tl~rtde,.l by ill,;
]:avmle alid .}ohll I lul’l/. ]:ouIld,:=t|of}. ’We greatly a~)pl’e~.’iaLe
COIlS|All[ ell~Oui;~ell"~Cllt 311d sLl~sl’~ol’l, i;’(" h,’we received flOfll I:OIF.~
Ra.~k¢lt, l.o:,;ell ’~Vnod, and Bill v,~nClceml)u~ ll,~o|ff;holJl Ibis
and the .~ui,porl Sa~.~m l l~,~clu l.lrovid~.,d in WlJlHli?~ ;~lld
l,i,.,~,,e:lhlc~ .~: ~...~.~;,.,i. [,.i:.~(,.~;. LUh,l,~l~.l ,,i ~,:" ,"i,.~llL.ILl I..~,I~,~I
~ccele~ alor Center.

!;, .O~.! I p],,.f..! .j ’,.I i.n ~ ..LC_rj !.e r ,~ I. ~.,.d_

A numh~.r ell" output li~im[’,~ ~re p, rncr~ted to h~lp in bo~.l} llle d~,i~;l~
nnd dehul~L,:ii~: of Ihe h,~rdware. The M’~cro EXl~ander OUtl~U[s
d~rucll~iy o," the. i~(io$ u.srd in a de~,ij,,n, a li~fing wlud~ shows all oF
Ihe pl,~c.~ from which s given m::rru is called, one ,~,hich ~how.~ ~11 o~
the macto.~ whidl u.~e a ~lobal siL,,n~l, ~wd a li~t of all o~ the macros
aild lel’~Jll;zl CUml)onenls c~iied by each rn~clo definition, as shown
].’l~,,tll’e [~.-I aizd FiCtll’e 5-~. ]11 order ~o aid in Lhe
I)ai’titiolihnl~ ;~i~(I I;zyOiit OF a ~ystem, ~CAI.D provides an eslin~ate 
the tHnlnber ah,l ¢yl)eS of clnips u~ed by a ~Jven macro, [~encv’aled
ti~lzn[~ ~Jrnl)1~ licLirisliC~ to acCOUht for the’ packiw~ of muhiple ~ectJons
o[ a ~Iven lype i==lo a sincle drip.

~CAL.]) has been u~ed to deHgn :~ BS00-dfip ~:C]. processor (the ~-.
I), and m a,Idilion to basic £n~ilil=e~ tot hier~r(ifical d~n, 
cr, ntah~s rn:u~y fentul’(’s whzch have bee#~ found to be e~sel~tial either
fu~ lhe un, le~l;,l~clahilily o[ the de~n or for lhe e[hcienc~ of the
machine. Amo~=g Mlch [e~lllleS arc lh~ f~llnwilcg:

l.an~,ua[~e constructs ~or declarin@ ~nd u~in~ local,
parameter and fflobal s~@q~

A med~anism for definlnff m a ~In~le drawln~ all
maclo~ o[ identical ~llt~clure but dlffercnl width.

Mech~ni.~m.~ for conveniently mardpulali~=~; multiple
l~hy~ical version~ of lhe ~me l¢,~.,ical si~.nid.

A rr, rchanJ~m which [acihlalrs the use of both
ph)’~kal pohuilies of a g, iven lo~ical siKnal.

l .ar~#.t~a~e COllSllUClS for rel~re~enlin~ bJt--wi~e
syinmet~ ical logic.

Slructin’cd lo~c de~i~n cou;i~ of cxlcndin~ Io l~[ic d~sl~n the
c~,ntial l)OV.ur of lhe ~OllCel~l~ ~lld lh~ lool~ which have been
d[’veloped fl~r ~iml~li~yin ~ lb. l)~r~.~’~mmin~ la~; the ~avin~,s in
humai] laboi exprnded in di~,,ita; ~ys[ems de$i[:It ~e,1izable by this

lu~,,ical o,inl,¢ilalioil.~. Ollr (xpc~im=~¢’ has .qlOWl~ {i~[ the
l)~,~i[~l= ~l,’m has [leally h~l~’.~ed lhe undrr~t;mdal,ility uf the ~-I
l~lo..es~l, lltt~s l(dl~rin)~ tile ~I~.:,~:~i~ clfoll h)’ a l~r~r ~;=(lor,

do~llm~’litahr~t1. The d~i~l it~r(~ ~(.lw~ a~ a m;t j,~l l~o=’fiOl~ o[ lh~

docUli~rltl,~lhqi I~ [,.really redu,~:d. ]:mlhe~mor~, liw ~,(;AI.D
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